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ABSTRAC

A statistical screening method has been developed
using Tolerance Limits for barium (Ba*?) to identify
contamination of a fresh-water aquifer by oilfield
brines. The method requires an understanding of the
local hydrochemistry of oilfield brines, inexpensive,
publicly available hydrochemical data, a single sample
analysis from the suspect well and the application of
a simple statistical procedure. While this method may
not ‘provide absolute evidence of oilfield brine
contamination of a fresh-water aquifer, it does
identify conditions where brine contamination is a
strong probability over other possible sources of
chiorides.

INTRODUCTION

As a conservative contaminant, chlorides move
through the hydrologic cycle as a result of physic

processes. Objectionable because of undesirable
physical effects (taste, odor, corrosion), chlorides
survive most processes which remove other ions from
naturally occurring waters. While normally not a
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health hazard, high chloride levels do affect the
aesthetic quality of water and can severely limit the
use of a water supply. As a result, finding the cause
of increasing chloride concentrations in a fresh-water
aquifer has long been an environmental concern.

Chloride contamination can result from a number of
sources: industrial wastes, road de-icing, septic tanks,
oilfield brines, seawater and evaporite rocks to name
a few. With a 400 mg/l. taste threshold for most
people', chlorides are easily detected. However, as
regulated by the Safe Drinking Water Act, chloride
(CI) concentrations are of concern when they exceed
the SDWA’s secondary contaminant limits of 250
mg/L.

Determining the source of increasing chloride levels -
can be difficult. Using the concentration of barium
(Ba*?) as an indicator variable, a statistical screening
method has been developed which can be used to
identify the contamination of a fresh-water aquifer by
oilfield brines. In the current cost-sensitive economic
climate it is particularly important to find cost-
effective methods to identify oilfield brine
contamination, The screening method requires an
understanding of the local hydrochemistry of oilfield
brines, a source for background hydrochemical data,
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a single sample analysis from a suspect well and the
application of a simple statistical procedure --
Tolerance Limits.

The procedures used for the calculation of Tolerance
Limits and their application as a screening method are
demonstrated using an example dataset from Wood
County, Texas. While the calculation of a Tolerance
Limit is not difficult, it can be time consuming for
large datasets. A new freeware computer program, "4
Ground Water Information Tracking System with
Statistical Analysis Capability” (GRITS/STAT)
developed by the United States Environmental
Protection Agency’ (USEPA) can quickly and
accurately defermine Tolerance Limits for an
indicator variable. Using GRITS/STAT, comparison
-of the concentrations of the indicator variable from
numerous well-sites to the established Tolerance
Limit can be rapidly accomplished.

While the screening method described in this paper
may not provide absolute evidence of oilfield brine
contamination of a fresh-water aquifer, it does
provide initial evidence for identifying conditions
where brine contamination is a strong probability over
other possible sources of chlorides,

METHODOLOGY
The Tolerance Limit

Tolerance Limits are calculated using sample data
from the background population. Basic information
about the background population must be determined
before choosing any statistical method. Tolerance
Limits are not always the appropriate method to
choose.

A background population is defined as containing all
possible values of a specified variable. For the
example dataset in this paper, the background
population is the naturally occurring Ba*?
concentrations measured in the fresh water aquifer(s)
of Wood County, Texas.
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The pattern of all the possible values a variable can
assume constitutes the population distribution.
Knowing the pattern or shape of the distribution is
important when choosing a statistical method because
the distribution type influences the choice and
application of a statistical procedure. Most common
statistical methods require the population fit a normal
distribution, the familiar bell-curve shape. For
normally distributed populations, many statistical
methods are available to determine the likelihood a
sample was taken from a particular population or
some other population.

Determining if the measurement of a characteristic
belongs to one population or another is the basis for
the application of statistical methods within
environmental investigations. Tolerance Limits are
used to detect a difference between a background
population and a sample value possibly contaminated
by an objectionable substance. As applied to the
screening method, Tolerance Limits test the
hypothesis the ionic concentration of a substance in
water samples taken from a normal fresh water
supply and the ionic concentration of the substance in -
a suspect water sample are part of the same
population. A value or limit is calculated such that all -
measured values which exceed the limit belong to a
population other than the background population. If
the value of a sample falls within the predetermined
limits, the sample is assumed fo have been taken from
the normal background population, Therefore, no
evidence of contamination would exist.

Tolerance Limits establish a range of concentrations
which contain a specified proportion of the chosen
population with a stipulated confidence (probability)
the range actually contains the desired concentration
range. The proportion of the population included
within the concentration range is called the coverage.
The probability the Tolerance Limit includes the
desired coverage is referred to as the confidence
factor, also called the tolerance coefficient.

Parametric Tolerance Limits, used herein, are based
upon the assumption the background (or parent)
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population can be described by a normal distribution.
Nonparameteric Tolerance Limits exist but usually
prove impractical because of the large number of
observations required to provide acceptable levels of
coverage, tolerance coefficient and power.

Calculating The Tolerance Limit

Tolerance Limits are simple to calculate. The average
background value, the standard deviation of the
background values, and a tolerance factor from a
statistical table are all that is necessary to calculate
Tolerance Limits for a specified population. A
tolerance interval is bounded by an upper limit and a
lower limit. However, with the exception of pH
values, contamination is usually indicated by presence
of excessive concentrations of a contaminant.
Therefore, the larger limit, called the upper Tolerance
Limit, is of importance in most investigations.

For: most situations, the upper Tolerance Limit is
defined using ground-water samples from background
wells or published data, With three or more
background samples the Tolerance Limit can be
calculated. First the mean, X, and the standard
deviation, S, are calculated from the values of the
background samples. Next, the upper Tolerance Limit
is calculated using the equation:

TL =X+KS

Upper

where K is a dimensionless number dependent upon
the proportion of the population to be included within
the calculated limits and the number of samples in the
background. For various sample sizes (n), values for
K can be obtained from statistical tables (see Table
1). The tolerance factors in Table 1 provide at least
95% coverage. Tolerance factors are also available
for- an average of 95% coverage. Factors with af
least 95% coverage are recommended for detection
monitoring’.

After the upper Tolerance Limit is calculated, water-
sample values are compared to the upper Tolerance
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Limit value. Statistically significant evidence of -
contamination occurs for each water sample value
which exceeds the upper Tolerance Limit.

Tolerance Limits have an advantage over other
statistical fests ~ only one analysis from the suspected
well needs to be acquired. Other statistical methods
commonly used in ground-water monitoring require -
multiple samples from a suspect well (ANOVA, .
CABF t-test, etc.) or require a detailed knowledge of
future sampling plans (prediction limits). By requiring
only one sample the cost is greatly reduced.

Tolerance Limit Use In Ground-Water Monitoring
Programs ‘

Tolerance Limits in ground-water monitoring are
discussed by Gibbons' and in USEPA guidance
documents®, The USEPA guidance documents are
applicable because the detection monitoring phase of -
RCRA addresses the same type of problems found in
identifying various contaminants in non-RCRA
situations. In these Guidance Documents the USEPA
presents recommended procedures for using
Tolerance Limits for the detection of contamination:

s Background population should not show a high
degree of spatial variation. .

¢ Qutliers should be identified in the
background samples.
¢ The background samples should be

independent and normally distributed or
transformed into a normal distribution.

* At least 95% coverage and 95% tolerance
coefficient is recommended for a detection
screening program,

* A sample size of eight or more background
observations is recommended. As little as four
can be used.
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The Tolerance Limit method requires choosing a
value for coverage and a value for confidence. The
coverage sets the false positive rate. For example, if
‘we chose 99% coverage (P) with 95% confidence
(Y), the calculated Tolerance Limit would produce a
95% probability of getting a 1% false positive rate.

I;a;'ium (Ba*?) As An Indicator Variable

Idedlly, a substance should be present only if
contamination has occurred. Chlorides occur naturally
in ground water and are derived from many sources.
-Further, the hydrochemical behavior of chlorides
within the ground water is not influenced by the
source of chloride. To determine if rising chloride
concentrations in a fresh-water supply is a result of
one source or another, other constituents must be
measured.

Based upon the contrast between the ionic
concentration of barium (Ba*?) in near subsurface
fresh waters (low) to that found in oilfield brines
(high), barium can act as a indicator variable for the
presence of oilfield brine contamination of a fresh-
water aquifer, In the shallow subsurface barium reacts
with sulfate to form barite (BaSO,). Very nearly
_insolubie, barite is a common mineral with a
solubility product close to 107°. According to J. D.
Hem' (pg.135-137), barite solubility equilibria likely
control the concentration of barium in naturally
occurring waters. Based upon this assumption, a
natural water Ba*? concentration range of 0.14 to
0.014 mg/L was predicted - a fairly narrow range.

If the concentration of barium in natural water is
controlled by the availability of the element in the
environment one would expect a wide range between
the upper and lower concentrations within natural
water 10 occur. Two citations suppori Hem’s
conclusion on controls of the barium concentration in
“natural water. Durfor and Becker® indicate the median
concentration of barium in public water supplies is
0.043 mg/L. Durum and Haffty’ determined the
median concentration of barium in larger rivers in
North America as 0.045 mg/L. Both values are in
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agreement with Hem’s predictions and are
considerably below the U.S. mandatory limit of 1.0
mg/L for any public drinking water supply.

In comparison to natural fresh water aquifers, much
higher barium ion concentrations are typically found
in oilfield brines. Collins' lists average Ba*’
concentrations by geologic age for producing basins
in the United States. As an example, he found
Smackover brines average 23 mg/L and Tertiary
brines average 73 mg/L. Rittenhouse, ¢t al.” provides
additional brine analysis information. Other analyses
of produced water from fields in Texas show barium
concentrations approaching 200 mg/L.

Under the control of barium sulfate solubility
equilibria, the number of sources of barium in
naturally occurring water is limited, Common sources
for increased chloride levels typically do not increase
barium concentrations. For example, the average
concentration of barium in sea water is 0.03 mg/L%.
Therefore, increased Ba*? concentrations, in addition
to increased chlorides in a fresh water aquifer can
indicate oilfield brine contamination of the aquifer.

Publicly Available Background Data

When calculating Tolerance Limits, gathering and
analyzing background samples can add considerable
expense. While this maybe necessary at times;
publicly available background data can be easily
obtained at low cost. Inexpensive hydrochemical and
hydrogeological data from the U.S. Geological
Survey’s WATSTOR Data File can be used to
determine background concentrations. Within Texas,
data can be acquired through the Texas Water
Development Board (TWDB). The Texas Water
Development Board’s Ground Water Data System
contains data from the WATSTOR Data File and data
from a variety of other sources. The default data
format is ASCII text, character delineated and
supplied on a MS-DOS disk.

For Texas, the database contains chemical analyses
and water levels from fresh water private, municipal,
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agricultural and industrial wells across the state, Each
well has an identifying number, latitude, longitude,
owner, use and construction details in addition to the
chemical analysis and water level data. Some wells
contain analyses for over one hundred different items.
Other wells have only a few items,

Wood County, Texas - An Example Dataset

Wood County, Texas is located within the East Texas
Salt Basin and has been heavily involved in the
exploration for oil and gas, Across the county the
TWDB's Ground Water Data System maintains
records for 413 water wells. Using data from 1988 to
present, 20 wells contained analyses for the ionic
concentration of barium (Figure 1), For each of the
20 wells, basic information about the well and the
Ba*? concentration in ug/L and the CI' concentration
in mg/L are shown in Table 2.

The first step in a Tolerance Limit calculation is to
determine the distribution of the data. Natural data,
such as the Ba*® concentration in fresh-water
aquifers, typically follow a log-normal distribution'”,
As a result, a current USEPA Statistical Guidance
Document’ suggests starting with the assumption the
data is log-normal. In a log-normal distribution the
natural logarithm of the original data is normally
distributed, rather than the original data itself,

A probability plot, using the natural logarithm for
each value in the Wood County set of data, confirmed
the data fit a log-normal distribution (Figure 2). A
probability plot is a standard graphical method
discussed in many texts as well as the Guidance
Documents®®. If a set of data is normally distributed,
the data values will fall along a straight-line on a
probability plot. When the natural logarithm for each
value of a set of data falis along a straight line on a
probability plot, the data is considered to be log-
normally distributed.

As a result of the probability plot (Figure 2), the
natural logarithm of each Ba*? concentration is used
to calculate the natural logarithm of the upper
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Tolerance Limit. Therefore, for use in comparisons
with suspect ground-water samples, the natural
logarithm of the upper Tolerance Limit has to be
converted from its logarithmic form to its original
form using:

in(IL ..}
L, =€ upper
(pper

The mean of the natural log-transformed data is X =
3.698 with a standard deviation of § = 0.601, From
Table 1, for n = 20 samples, the appropriate
tolerance factor, K, is 2.396. Using the mean,
standard deviation, the tolerance factor and equations
1 and 2, we can calculate an upper Tolerance Limit
for Ba**:

TL ypper = X+ KS

per

In(TL, ) =3.698 + (2.396 x 0.601)

upper

In(7L,, ) =5.138

upper

TL ey =€ ") = €513 = 170 g/L.

Within the county, the calculated upper Tolerance
Limit can be used as a simple screening test for
ground-water samples possibly contaminated by "
oilfield brines. Any barium analysis equal to or
greater than an upper Tolerance Limit of 170 ug/L is
considered statistically significant. If the sampled
water also contains high chloride levels, for that well,
oilfield brines are indicated as a probable source of
contamination. As a result, water samples
demonstrating elevated chloride levels and statistically
significant resuits using the barium concentration
upper Tolerance Limit are candidates for detailed
hydrogeological evaluations.

GRITS/STAT

GRITS/STAT® is a freeware program from the U.S.
Environmental Protection Agency for personal
computers. Based upon the USEPA Statistical
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‘Guidance Documents®’, GRITS/STAT can be used to
evaluate large sets of data in a short period of time.
"For example, GRITS/STAT generated a probability
‘plot of the natural log of the Ba*? concentrations
“(Figure 2), displayed the results from three tests for
‘Normality (Figure 3) and calculated the Tolerance
-Limit on the transformed background data (Figure 4)
‘in less than ten minutes. For each step, GRITS/STAT
displayed summary statistics providing useful checks
of the procedures applied to the set of data being
evaluated.

The probability plot of the log transformed
background barium concentrations (Figure 2) provides
a graphical confirmation the Wood county data fits a
log-normal distribution. Prior to generating the plot,
- GRITS/STAT displays a summary of the supporting
statistics as a check of the internal calculations used
to penerate the probability plot. Along with the
“correlation coefficient, basic parameters (mean,
standard deviation, etc.) and the ranking, cumulative
-probability and quantile for each sample are
presented, Comparison values using an o of 0.01 and
0.05 are presented underneath the calculated
¢orrelation coefficient value. The comparison values
“can be used as a quick check of the statistical
significance for the goodness-of-fit of a straight-line
" to the data.

In a single screen GRITS/STAT presents the results
of three tests for normality - the Coefficient of
Variation (CV), the Skewness Coefficient and the
Shapiro-Wilk test (Figure 3). Each of the normality
tests are run on the original as well as the log
transformed data. Note the original data fails the
Skewness Coefficient and the Shapiro-Wilk tests for
normality while the log transformed data passes.

Using 95% coverage with a confidence factor of
95%, GRITS/STAT calculated a upper Tolerance
Limit of 5.1384 based on the 20 log transformed
“background barium concentrations (Figure 4).
GRITS/STAT’s upper Tolerance Limit can be
‘converted from its logarithmic form to its original
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form using equation 2. GRITS/STAT leaves the
conversion of the natural log up to the user.

CONCLUSIONS

Using publicly available data, information about the
local hydrochemistry of oilfield brines, a few simple
calculations and a single chemical analysis from each
suspect well-site, an investigator can screen a large
number of water samples for potential oilfield brine
contamination. Water samples demonstrating elevated
chioride levels and barium (Ba*?) concentrations
equal to or greater than the upper Tolerance Limit for
background barium concentrations indicate probable
contamination of the tested aquifer(s) by oilfield
brines.

While the calculations are not difficult, for large sets
of data the screening process could require a large
block of time. GRITS/STAT, free software from the
U.S. Environmental Protection Agency, can be used
to minimize the time required to evaluate large sets of
data.

As mentioned initially, the described method may not
provide absolute evidence of oilfield brine
contamination in a fresh-water aquifer. However, it
does identify conditions where oilficld brine
contamination is a strong probability over other
possible sources of chlorides. As a result, any
statistically significant results should be confirmed
with detailed hydrogeological evaluations.

NOMENCLATURE

K = Tolerance Factor
In(x) = Natural Logarithm of x
n = Number of Samples
P = Tolerance Interval Coverage
S = Standard Deviation of the Sample
TL = Tolerance Limit
X = Sample Mean
Y = Tolerance Interval Confidence Factor
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Table 1

Tolerance Factors (K) For One-Sided Normal Tolerance

Intervals With Probability Level (Confidence Factor)

n K

17 2.486
18 2.543
19 2.423
20 2.396
21 2.371
22 2.350
23 2.329
24 2.309
25 2.292
30 2.220
35 2.166
40 2.126
45 2.092
50 2.065

Y = 0.95 And Coverage P = 95%

n K

55 2.036
60 2.017
65 2.000
70 1,986
75 1.972
100 1.924
125 1.891
150 1.868
175  1.850
200 1.836
225 1.824
250  1.814
275  1.806
300 1.799

(Apnil 1989) EPA/530-SW-89-026, p. B-9

HumouWozZgrRU-CTmaTdmmgawrig

State #
3404607

3404802
3405508
3406807
3407705
3411604
3412407
3413203
3413809
3414407
3420102
3420207
3420305
3420607
3421502
3422205
34312006
3414206
3504402
3414408

Water Well
Date Well
Drilled Depth
9/86 500
10/19/91 259
2/10/75 - 545
4/13/87 742
1978 890
05/85 402
10/8/85 380
9/21/84 638
3/2/88 611
1/89 1114
4/19/77 634
6/24/88 312
12/15/71 334
6/12/87 670
10/30/80 619
5/23/83 890
10/44 510
Unknown 28
Unknown 50
Unknown 60

Table 2

n

325
350
375
400
425
450
475
500
525
350
575
600
625
650

Wood County, Texas

Use

Public Supply
Public Supply
Public Supply
Public Supply
Public Supply
Public Supply
Public Supply
Public Supply
Public Supply
Public Supply
Public Supply
Public Supply
Public Supply
Public Supply
Public Supply
Public Supply
Institution
Dewater
Dewater, Stock
Irrigation

838

Date

Sampled
11/15/91
11/15/91
11/20/91
11/12/91
11/13/91
11/18/91
11/18/91
11/18/91
11/21/91
11/19/91
11/20/91
11/20/91
11/20/91
11/20/91
11/21/91
11/21/91
08/13/93
08/12/93
08/11/93
08/12/93

K
1.792

1.787
1,782
1.777
1.773
1.769
1.766
1.763
1.760
1.757
1.754
1.752
1.750
1.748

Analyses For Barium (Ba*?)

cr
mg/L
170
11
9
14
14
22
13
8
285
12
87
35
3
109
8
11
7
14
6
26

1
675
700
725
750
775
80O
825
850
875
900
925
950
975
1000

Ba+2
ug/L
28
60
20
31
20
46

30
50
31
20
20
T
55
78
20
44.7
137
91.2
80.4

K

1.746
1.744
1.742
1.740
1.739
1.737
1.736
1.754
1.733
1.732
1,731
1.729
1.728
1.727

In(Ba*

3.3322
4.0943
2.9957
3.4340
2.9957
3.8286
3.218¢9
3.4012
3.9120
3.4340
2.9957
2.9957
4.3438
4.0073
4.3567
2.9957
3.8000
4.9200
4.5131
4.3870
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Figure 1. Background barium (Ba*?) concentrations, Wood County, Texas.
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Figure 2. From GRITS/STAT, probability plot of natural log of background barium
(Ba*?) concentrations, Wood County, Texas.
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ot=
Run Morsality Tests of Observations. ..

Summary of Tests of Date Morwality

“Scale— Obsarvations: 28
Statistic Ooriginal Log
Wells:Background
Hean 48.2158 3.6981 Tast :0bservations
Std. Dev. 31.23% f.6811
Nurtesis 1,1942 ~1.8498 ] Shapiro-Wlilk Critical Values
Minimum Z1) . 8888 2.9957
Haximum 137 .8860 4.9208 ix:0.8688
o . 8.6479 8. 1626 Sx:0.9858
Scale
lﬂumlltg Tast original Log [Commants
Skewnass 1.2675% 8.3475 |# = Data way not be normally
Coefficient dlstributed
Shaplro-Hilk f.68403x 8.5113 |» = Data are not normally dist-
Test Statistic ributed at 5% significance lewal
PRING

315640 Free_

Figure 3. From GRITS/STAT, Normality test results for background barium (Ba*?)
concenirations, Wood County, Texas.
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Rata Hode:Log Tranzforned
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Permit Type:Detection :
Constitueni:Ba dis Barium, dissolved
Starting'Nov 12, 1991 Ending :fug 13, 1993

» Indicates sigunlficant svidence of contaminatioen
Hell [B—Palr e Observat io

A 11/15-91 3.33 Background Ohsarvations: 28
B 11,1591 q.894 Background Pata Mean: 3.6981
c 11-20-51 2.955 Background Data Std Dau: a.6011
] 11,1291 3.434 Tolerance Factor: 2.3968
E 11,1391 2.995 Uppar 95% Coverage Tolerancs
F 11,1891 3.828 Hith Tolerance Coef. OF 95x: 5.1384
Shapiro-#11lk 3tatistic: 8.9113
1x Critical Value: 0.6688
5% Critical Value:! 8.9a58

ise 13 Ta scroll through Backgroumnd Ohservations.Press ENTER or ESC To Exit.

Figure 4. From GRITS/STAT, calculated Tolerance Limits on background barium
(Ba*?) concentrations, Wood County, Texas.
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